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The Engineering Experiment Station of the University 
of Missouri was established by order of the Board of Cur-
ators July I, 1909. 
The object of the Station is to be of service to the 
people of the State of Missouri. 
First: By investigating such problems in Engineering 
lines as appear to be of the most direct and immediate 
benefit and publishing these studies and information in the 
form of bulletins. 
Second: By research of importance to the manufactur-
ing and industrial interests of the State and to Engineers. 
The staff of the Station consists at present of a 
Director and two research assistants together with a number 
of teachers who have voluntarily undertaken research under 
the direction of the Station. 
Suggestions as to problems to be investigated, and 
inquiries will be welcomed. 
Any resident of the State may on request obtain bul-
letins as issued or if particularly interested, may be placed 
on the regular mailing list. Address the Engineering 
Experiment Station, University of Missouri, Columbia, 
Missouri. 
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PART I. 
INTRODUCTION 
Unsatisfactory lubrication is a very common trouble and the se-
lection of the very best lubricant, considering both quality and cost, is 
extremely difficult because of the1 a lmost complete absence of definite 
and precise information upon which to base an intelligent judgment. 
It was the realization of this unsatisfactory condition, brought 
home by the difficulty of choosin g between different lubricants for use 
in the University Power P lant tha,t led the Engineering Experiment 
Station to attempt to develop apparatus and methods of testing that 
would yield definite information about the friction and the working 
characteris t ics of lubricants under service conditions. 
This Bulletin is a preliminary report on the progress of this 
investigation. 
PART II 
CHARACTERISTICS OF FRICTION BETWEEN LUBRICATED 
SURFACES 
The general characteristics of friction between well lubricated 
surfaces have been pretty well established and only a brief summa ry 
will be given here. In the first place it is necessa.ry to point out that 
it is absolutely essential to have the surfaces thoroughly covered with 
lubricant. "There are no laws for partiaUy lubricated surfaces." 
Rubbing surfaces are lubr icated in order to reduce wear, tempera-
ture rise and energy losses and the quality of the lubricant should be 
judged by the extent to which it reduces these effects. As reduction 
of energy losses usually results also in the reduction of wear and 
temperature rise the best lubricant would be taken to be the one giv-
ing the least energy loss under service conditions provided it did not 
develop some undesirable characteristic such as acidity or drying ou t 
rapidly to a gum, etc., when in use, 
There are two radically different classes of service to be consid-
ered, namely, lubrication of bearings and the lubrication of engine 
cylinders. 
The conditions in bearings are simpler and easier to meet. The 
temperatures are usually moderate and t h e direction of motion, the 
spe,ed and the pressure constant. 
For these reasons a number of machines have been built to measure 
the friction in bearings. 1 Professor Thurston's apparatus in which 
a split bearing is clamped on the shaft by spring pressure, thus g iving 
1 Thurston. Friction and Lost Work. J ohn Wiley & Sons. 
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an oil film thickness that depends on the constants of the oil as in 
railroad car bearings and Professor Stribeck's 2 in which a solid-shell 
ring-oiled bearing having an average oil film thickness that is con-
stant (being determined by the difference in diameter of 
journa,l and bearing) a type very generally employed for machines, 
are particularly deserving of mention. 
In engine cylinders the temperatures are high and subject to a 
wide cyclic variation, the lubricant is also subject to the high and vary-
ing pressure of the ste::tm or gas as well as the pressure between the 
packing rings and cylinder walls; the motion is reciprocating and it is 
difficult to get the lubricant to the rubbing surfaces and to keep it 
from being blown on out with the exhaust. In steam cylinders the 
surfaces are covered with water. 
Apparently only one apparatus has ever been built to measure 
directly the, energy loss due to friction in steam cylinders. This ap-
paratus was constructed about the year 1888 by Professor Denton at 
the Stevens Institute of Technology for the "Lubrication Committee 
of the Standard Oil Co." It is de3cribed in the Transa::tio:ns of the 
American Society of Mechanical Engineers, Volume X, page 392, for 
the year 1889 . The measurement in this case was made by having a 
piston ring free to move in a wide piston slot and fastening the piston 
ring to spring controlled levers . These levers were all attached to a 
rod lying in the axis of the cylinder within a hollow piston rod. 
·when the piston moved, friction would make the rings drag and so 
move the central rod with regard to the piston rod. 
Outside the cylinder a registering pencil made a diagram and the 
distance between the lines on the forward and return stroke was 
taken as a measure of the drag and friction of the piston ring. The 
records made in this way consisted of lines about 3-32 inch apart for 
a well lubricated cylinder with a piston ring pressure of about 70 
pounds per square inch. The piston rings in large steam cylinders 
are usually made to exert a pressure of two or three pounds per 
square inch and even in the smallest cylinders the pressure is proba-
bly never more than fourteen pounds per square inch. The objections 
that might be urged against this apparatus are: that the value ob-
tained for the friction coefficient depended upon the accurate meas-
urement of the very small distance between two pencil lines ; that the 
piston ring pressure that had to be employed to get even this record 
was many times the usual piston ring prBssures; that the measure-
ment gave the piston ring coefficient alone and there was no differ-
ence of steam pressure on the two sides of the ring. Moreover, the 
construction of the apparatus required a careful elimination of the 
inertia effects of the rod levers and piston ring by making the center 
2 Stribeck. Zeitschrift des Vereines Deutsche lngenieure V. 45 p 122. 
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of gravity correspond exactly with the fulcrum of the radial lever 
connecting the central rod to the piston ring. 
Notwithstanding these objections good work was done with the 
apparatus and great credit is due Professor Denton for its develop-
ment. 
When smooth surfaces are well lubricated the friction is re-
duced to that between the pal'ticles of the lubricant and depends upon 
the properties of the lubricant and not upon the material of the sur-
faces. Some of the lubricant sticks to the moving surface and moves 
with it; a similar film fastens itself to the other surface and the 
friction that results is due to the relative motion between the differ-
ent layers of the lubricant, that is, the friction is determined by the 
internal resistance of the particles of lubricant to flow. This prop-
erty of resistance to flow or the internal friction is called "viscosity." 
It is usually measured by the time required for a given volume to 
flow through a given sized opening under a given force. A unit 
of viscosity would be based upon the force required to move one of 
two parallel surfaces of unit size and distance apart at unit velocity 
with regard to the other. 
The power loss due to friction would then increase with increase 
of viscosity, of rubbing speed and extent of surfaces, and is inde-
pendent of the pressure between the surfaces until the pressure be-
comes h igh enough to squeeze the lubricant out. The greater the 
distance between the two surfaces the less will be the relative velocity 
of the different layers of the lubricant, and consequently the greater 
the distance between th e two surfaces the less the friction will be 
provided that the lubricant completely fills the space between the 
surfaces. 
In most cases the lubricant is carried from the point where it is 
supplied and spread over the rubbing surfaces by its tendency to 
stick to the moving surfaces and so be carried along with them. 
This tendency to stick and so get where it is needed seems to vary 
with the viscosity, and to this property the term "body" is applied 
altho no precise definition or measurement of this property has ever 
been made. 
Lubrication is imperfect and friction high so lon g as the speed is 
too low to carry plenty of lubricant to the rubbing surfaces. To keep 
t e surfaces lubricated we must have a lubricant with a higher vis-
cosity ( or "body") the lower the speed and the greater the pressure 
between the surfaces, but so lon g as the viscosity or body of the lubri, 
cant is sufficient to keep it between the surfaces the lower the viscosity 
at the worl,ing temperature the better. 
The viscosity decreases rapidly with rise of temperature so that 
the viscosity and friction tests must be made at the working temper-
ature and the temperature must be measured with great care and ac-
curacy. 
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The proper test for a lubricant is not then merely a viscosity 
measurement but a test for the friction under service conditions of 
temperature, speed, pressure and clearance. 
When tested in this way it will be found that the lubricant that 
gives the best results is one with a higher absolute viscosity, the high-
er the temperature and the pressure and the lower the speed. More-
over by a proper choice of lubricant the friction coefficient may be 
brought to a minimum value and this minimum value is practically 
the same for all lubricants. In other words, for every lubricant (free 
from foreign and harmful ingredients) there is a set of working con-
ditions under which it will give this minimum friction coefficient. 
This minimum friction coefficient lies between the values of ½ o,f 
one per cent and one per cent. 
The apparatus for testing lubricants must therefore permit of the 
reproduction of any set of service conditions and, more important 
still, must make it possible to keep these conditions absolutely con-
stant during the t est or comparison. 
These conditions are: 
Adequate supply of lubricant. 
Definite and constant values for the rubbing speed. 
Definite and constant pressure. 
Definite and constant temperature. 
Definite and constant thickness of lubricating film (or clear-
ance between the rubbing surface. 
PART III 
DESCRIPTION OF APPARATUS. 
a. Apparatus for Testing Bearing Friction and Lubrication . 
The accompanying photograph and sketch give an idea of the gen 
eral appearance of the apparatus. The principle adopted was that of 
measuring electrically the input to a motor driving a shaft that is 
supported by a single bearing and carries discs to produce the de-
sired pressure on the bearing. The motor losses may be subtracted 
and so the net power used by the friction of the test bearing ob-
tained. The speed is controlled by the voltage applied to the motor. 
The temperature is controlled by a water jacket and measured 
by a thermometer in a pocket close to the bearing surface. The pres-
sure between the shaft and the bearing is determined by the number 
of discs put on the shaft. The clearance or play of the shaft in the 
bearing is determined by measuring the diameter of the shaft and the 
bore of the bearing. 
The' bearing in this appa,ratus is 2 !.;£ inches in diameter and two 
inches long. The oil is carried from the reservoir by the usual type 
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of oil ring or rings to the top of the bearing and the amount of oil 
supplied measured by timing the drops from little drain pipes leading 
off from channels at each end of the bearing. The motor can be run 
at any speed up to 1200 revolutions per minute corresponding to rub-
bing velociti es up to 708 feet per minute; (215.8 cm. per second.) 
b. Apparatus for Testing Steam Cylinder Friction and 
Lubrication . 
The, method of measurement adopted here was, as in the previous 
case, to measure electrically the input to a motor and to subtract the 
motor losses. In this case the motor was provided with a crank disc 
; I ' · I I I 
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TEST ll KAH.JNG 
and connecting rod driving two pistons fastened on the opposite ends 
of a piston rod with a steam space, and a pocket for collecting con-
de,nsation betwe,en the two pistons. The construction is shown in 
the accompanying sketch and photograph, the latter showing also the 
gas heated, coiled tube boiler and the water tank, as well as the two 
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Detroit one pint lubricators connected to steam pipes ente,ring the 
cylinder near the ends, just inside of the inner positions of the pistons. 
The use of two pistons of the same size with a steam space between 
them prevents the ste,am from doing any work itself or having work 
done· on it. Each end of the connecting rod is fitteld with Hess 
Bright ball bearings so that its friction is n egligible compared with 
that of the pistons. Thermometers in pockets are provided nearly 
opposite the mid stroke positions and within 1-16 inch of the inner 
1/111 " ,,, " " " , m ICl I : I . , ! l : 
I : I : 
TEST CYLINDER 
wall of the cylinder and give an indication of th e t emp.erat,ure of the 
rubbing surfaces . An Ashcroft standard test gage is used for meas-
uring the steam pressure 
The cylinder bore is 3 inches (7.62 cm. ) and the stroke was 3 
inches (7.62 cm) when the apparatus was first set up, be1ing changed 
later to 5 inches ( 12. 70 cm.) There are three, standard type, cast 
iron, piston rings on each piston . Each ring has a fac e width of 
.2175 inches ( .553 cm.) These rings gave a pressure of about 3.23 
pounds per inch of circumference and 14.92 pounds per square inch 
( .577 kg. per cm. and 1.050 kg. per sq. cm.) after being worn to a fit . 
As the cylinder ends are open only one: face of the piston is sub-
jected to steam pressure and temperature, the other face beiT;g sub_ 
ject to co.nditions corresponding to those of the exhaust of a non-con -
densing engine. The oil fed to the steam pipes entering the cylinder 
SCHOOL OF ENGINEERING 13 
near the position occupied by the pistons at the inner e,nd of their 
strokes is carried to the rubbing surfaces by the ste1am as in the steam 
engine. 
Both picce,s of apparatus are in their development period and it 
is expected that improvements wi ll be made and the range of condi-
tions extended as additional experience is gaJned. Some of the 
changes and improvements a lre.ady contemplated are: 
An additional bearing for the be,aring testing apparatus, split in 
order to make tests with a clearance distance that will be absolute,ly 
unaffecte d by wear. 
A larger cylinder bo:re for the, cylinder friction testing apparatus. 
A set of spiral-spring-controlled piston rings a llowing adjustment 
for d ifferent piston ring pressures. 
PART IV 
RESULTS OF TESTS 
A test apparatus to be of any real value must first of a ll give re-
producible results and t he test figures quoted here are intended prin-
cipally to show what may be expected in this respect. 
The following values were obtained with the first apparatus set 
up for testing bearing friction. The bearing in this case was a 
standard motor bearing, solid babbitted shell 4 inches long, 1¼ inches 
bore, having two oil r ing slots and four oil rings, two ri11g·s in each 
slot. The bearing had a projected area of 3.9 square inches, a load 
of 176 pounds and a pressure of 45 .2 pounds per square inch. 
Bearing Friction Test Results 
Cl)~~ 
I f P< . +-' Speed Current in Amperes ,.. S .,_ gi A 
A °' o:l Q.) 0 ..... .s:~-·c~ i,: gj A @ +-'"' Date cd o• • ..-1 
Mot.or 
O O O (]) .::;~ 
(l) s +-' R P.M JFe:t per Total Net i:i..u:;::i:q -~ i:q (l) § 
+-'"' 
· Mmute losses Watts "' 
--- --- ---·--- ---
8-18-1910 35.0 700 232.5 2.20 . 57 1.63 22 .85 .02475 
8-22-1910 35.1 700 232.5 2.27 .57 1.70 23.93 .02594 
8-23-1910 35.6 693 230 .7 2.26 .57 1.69 23.40 .02564 
8-24-1910 35.8 693 230.7 2.20 .57 1.63 22.50 .02470 
One interesting and a ltogether unexpected peculiarity of bearing 
lubrication was discovered during the preliminary tria l tests on this 
bearing, and later confirmed by tests on the 2¾ inch bearing. 
This was that with the s ingle oil ring in each s lo t supplied by the 
manufacturer the o:il supply was insufficient and the friction high and 
variable, the range being from a well defined minimum to, a value 
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twice as large. This difficulty was completely eliminated by the use 
of two rings in e:ach slot, the two nea;rly but not quite filling the slot. 
The cylinder friction apparatus test r esults quoted in the table 
below, as well as those plotted in the, accompanying curve sheet were 
taken just after the. apparatus bad been set up and while• the sur-
faces were still only partially worn smooth. They are given princi-
pally to illustrate the reproduci'bHity of results. 
Cyli n d e r Fr ic ti on T est R es u lts ; 3" Cyli nder , 3" Stroke. 
u, 
'O Q) Speed Current in Amper es 
,:1 .0 ol 'O u, 
:::; <:.) i'l' o:l 'O 
o A @ 6n A +-' p,•~ O A 
Cl) 
'd:0 C) 0 A A 
Date and A A Q) ,.. .S.'.:£ ::::;~ -~ Q) w.~ +-' <:.) 
Time UJ o:l ';,O '0-,.. F eet per Motor .;; fS "' :::; <:.) R.P.M. Total Net ,.. <l) <l) O' A u, <l) Q) Minute Loss ~o ,.. U1 -~ <l) &; A A Q) <:.) 
~a; p,,-. s bJJ 
Oil A Q) Q) 0 c:J F-<'O 
Cylinder Filled With Steam a.t Atmosphere Pressure 
Apr. 3, '11 
9 :35p.m. 0 94.4 67.3 277 217.5 1. 23 .266 .9G4 .02728 
11: 14 p.lll. 0 95.G 26.2 275 216.0 1 .26 .266 .994 .02810 
Apr, 4, '11 
12: 15a.m. 0 94.0 72. 7 274.5 215.5 1.26 .265 .995 .02815 
Apr. 5, '11 
9:10 a. m. 0 94.0 62.0 274 . 0 215. 1. 27 .265 1.005 .0284 
9:35a.m. 0 94. 73.2 274 214.5 1. 27 .265 1.005 .0284 
Cylinder Filled with Steam Under Pressure 
Apr. 3. '11 
10: 45p.m. 19 119. 3 24.4 253 198.8 1. 72 .257 1. 463 .0414 
10: 50p.m. 21. 5 120 .6 24.4 255 200.5 1. 68 .257 l. 42 .0402 
Apr. 5, '11 
10:30p.m . 20 120 . 5 45.0 249 195.4 1. 80 .256 l. 54 . 043G 
--
The increa,se of friction in the cylinder when the outlet is closed 
and the steam pressu re raised has been confirmed by a number of 
subsequent tests. There are several influences at work. 
1. The flow of steam carries the oil to the rubbing surfaces tend-
ing to reduce the friction. 
2. The leakage of steam past the piston rings carries the oil 
away so that the friction tends to increase unless the oil supply is 
greatly increased. 
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3. The steam also leaks into the space back of the piston rings 
causing them to press against the cylinder wall more firmly and so 
tending to increase the friction. 
2 (> 
/ , 2 S° 
20 /Z, 
4. The decreased viscosity at high temperatures allows the oil 
to be squeezed out, tending to increase the friction unless the speed 
be raised or _the pisto11 r:_ing nressure lowered. 
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The effect of the first factor was detected by sudden1y applying 
air pressure to the inner faces of the pistons. At once the friction 
decrease,d slightly as the' air forced more oil along with it to the rub-
bing surfaces. This effect ls, however, very small, the change in one 
case being from 2.08 ampere,s supplied to the motor with zero gage 
pressure to, 2.02 amperes when the air pressure, was suddenly raised 
to 20 pounds per square inch gage pressure. (Test AprH 20, 1911). 
The effect of leaking steam in carrying away oil and increasing 
the friction is very marked. The curre-nt required to drive the ma-
chine decreasing from 3.77 a.mp. with an oil feed of 37.0 seconds per 
drop to 2.58 amp when the oil feed was increased to 9.4 seconds per 
drop. F'urthur increase of oil feed did not decrease the friction, the 
current required for a rate of oil feed of 3.4 seconds per drop being 
2.57 amp. (Test June 8, 1911.) 
'l'he effect of steam pressure in the piston ring slots was detected 
by arranging drains so that the backs of the piston rings could either 
be subjected to full steam pressure or to atmospheric pressure. With 
full pressure on the backs of the rings the friction with increasing 
steam press11re rose more rapidly than befo"e while with the piston 
ring slots open to the atmosphere the friction actually decreased with 
increasing stea,m pressure. (Tests of May 26 and May 27, 1911.) 
The effect of temperature in lowering the v.iscosity to a point 
where it may be squeezed out unless the speed is raised o-r the pres-
sure! between the rubbing surfa,ces lowered is a well known charac-
teristic of oils. That this effect is a factor in the increased friction 
is shown by the part of the curve above 107 ° on the curve already 
shown, which was taken with constant atmospheric pressure. (Test 
of May 27, 1911.) 
This was further checked by making runs with decreased piston 
ring pressure in which the t emperature for minimum friction was 
much higher (about 137° C for half normal piston ring pressure. 
Test June 5. 1911) and by runs at a higher speed which also gave a 
high temperature for minimum friction (about 142° C, for a littl,e 
over double speed. Test June 8, 1911.) 
SCHOOL OF ENGINEERING 
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CONCLUSIONS 
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The tests so far made with the preliminary apparatus lead to 
the following cone! usions: 
1. A fair degree of reproducibility and a moderate amount of 
experimental error has alre-ady been obtained. 
2. A single, oU ring per slot in an oil ring bearing may not sup-
ply sufficient lubricant. 
3. The friction in steam cylinders may under some conditions 
increase with increase of steam pressure. 
4. The principal causes so far found for the increase of steam 
cylinder friction with increase of steam pressure are: 
a. Leaka.ge past the pisto•n rings carrying away lubricant 
and requiring a,n increased oil supply. 
b. Presence of stea.m pressure• on the backs of the piston 
rings thru leakage. 
c. Decreased viscosity at high temperatures allowing the 
piston rings to squeeze the lubricant out. 
It is a pleasure to• acknowledge here the help given by members 
of the faculty of the University of Missouri and by the discussion at 
the annual convention of the Missouri, Gas Electric Light, Street 
Ra.iJ:way and Water Works Association. 
It is expected that additional test results will be obtained and 
that they will be incorporated in a. separate Bulletin. 
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ber, Gliickauf. v. 41, p. 521. 
Beitrag zur Schmiermittelfrage Blass. Gliickauf, v. 41, p. 1199. 
Validity of Poi,senille,s Law for Viscous and Solid Bodies, Reiger, 
Annalen der Physik, v. 19, no. 5, p. 985. 
Re.lation between some Physical Properties of Bitumens and 
Oils. Dow, Engineering Record, v. 54, p. 185. 
Machine Tool Design (Bearings). Nicholso•n and Smith, London 
Engine,e,r, Dec. 7, 1906 et serq. 
Physico-technical Testing of Lubricattng Oils. Kirsch, Technische 
Gewerbe Museum Mittheilungen, v. 16, no. 1, p. 3, 1906. 
Oi1s for Lubrication. Leash, Pages ·weekly, v. 9, p. 141. 
Tests of Large Bearings. Kingsbury, Electric Journal, v. 3. p . 464. 
Also, Zeitschrift des Vereines Deutscher Ingenieure, v. 50, p. 924. 
Testing Machine for Oils, Bearings and Journals. Hopps, Engi-
neering, v. 82, p. 594. 
Fall of Sphere and Cylinder in a Viscous Liquid. Picciati, Acad-
amei Lincei Atti, v. 16, p. 943. 
Viscosity Measurements . Beck, Ebbinghaus and Treitschke Zeit-
schrift fiir Physikalische Chemie, v. 58, p. 409. 
Displacement Resistance of Solids in Fluids. Uller, Annalen der 
Physik, v. 23, no. 1, p. 179. 
Ionization in Solution and Two New Types of Viscosity. Suther-
land, Philosophica-1 Magazine, v. 14, p. 1, July, 1907. 
Viscosity of Liquids. Ladenburg, Inaugural Dessertation, Miinchen, 
Annalen der Physik, v. 22, no. 2, p. 287. 
Lubricating Oils. Coste & Shelbou1r n, Puiblic Works, October and 
December, 1907. 
Lubricants. Railway and Engineering Review. 
Bearings. Davies, E1'ectrical World, Feb. 2, 1907. 
Some Tests of Lubricating Oils. Westcott, American Machinist, 
April 11, 1907. 
Simple Oil Tests. Schuelein, American Machinist, May 9, 1907. 
The Properties and Use of Mineral Lubricating Oils. Walker, 
Engineering Magazine, v. 33, p. 455, June, 1907. 
Journal Friction Measuring Machine. Hess, American Society of 
Mechanical Engineers, v. 30, p. 53, 1908. 
Friction of Oil in Tubes. Camerer1 Zeitschrift der Gesellschaft fiir 
Turbinenwesein, v. 4, p. 461, Nov. 9, 1907. 
Viscosity and Lubrication. Mabery and Matthews, Journal of the 
American Chemical Society, v. 30, p. 992, April 7, 1908. 
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Viscosity of Water. Hosking, Philosophical Magazine, v. 18, p. 
260, Aug., 1909, 
Lubricating Oil Testing. Schwarz, Koenigliches Material Prufung-
sa,mt Mittheilungen, v. 27, p . 19, 1909. 
Oil Friction Testing Machine. Alexander, Engin£er, v. 108, p . 291. 
Efficiency T£sts of Lubricating Oils. Sibley, American Society of 
Mechanical Engineers, v . 31, p. 1099. Also, Power, v. 31, p. 902. 
Experiments on Lubrication. Pullen and Finley, Journal of the 
Institution of Mechanical Engineers, May, 1909, p. 493 . 
Lubrication and Lubrica-nts. Conradson, AmeTican Society of Me-
chanical Engineers, v. 32, p . 803, May, 191G. 
Lubrication and Lubricants. Mabery, American Society of Me-
chanical Engineers, v . 32, p. 163, Feb., 1910; Mechanical Engineer, v. 
25, p . 240; Power, v . 32, p. 347. 
Friction of Air Lubricated Surfaces. Charron, Comptes Rend us, v. 
150, p . 906, April 11, 1910. 
Cylinder Lubrication of Steam and Gas Engines. Weiss, Zeitschrift 
des Vereines Deutscher Ingenieure, Jan. 22, 1910. 
Cylinder Lubrication. Spcor, Power, Jan. 4, 1911. 
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- sour.i Coals, by C. W. Marx and Paul ~chweitzer_. (Re_..-
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